Small GTPases of the Ras-like (Ral) family are crucial for signalling functions in both normal and cancer cells; however, their role in a developing organism is poorly understood. Here, we identify the Drosophila Ral homologue RalA as a new key regulator of polar-cell differentiation during oogenesis. Polar cells have a crucial role in patterning the egg chamber and in recruiting border cells, which undergo collective and guided migration. We show that RalA function is essential for the maintenance of anterior and posterior polar-cell fate and survival. RalA is required cell autonomously to control the expression of polar-cell-specific markers, including the Jak/Stat ligand Unpaired. The loss of RalA also causes a cell non-autonomous phenotype owing to reduced Jak/Stat signalling in neighbouring follicle cells. As a result, border-cell assembly and migration as well as the polarization of the oocyte are defective. Thus, RalA is required in organizing centres to control proper patterning and migration in vivo.
INTRODUCTION
The migration of border cells (BCs) is a powerful model system to study collective migration, which occurs during normal development and also in some epithelial cancers. BCs migrate as a cohort of cells with mixed epithelial and mesenchymal attributes. Each cluster is made up of two cell types organized radially with two central polar cells (PCs) encircled by 6-8 outer border cells (oBCs; Fig 1A,B ; Rorth, 2002; Montell, 2003) . PCs have been shown to be crucial for organizing function in egg chambers (Grammont & Irvine, 2002; Xi et al, 2003) , whereas oBCs are involved in the migratory activity of BCs. Because the organization of BC clusters is functionally important and dynamic (Bianco et al, 2007; Prasad & Montell, 2007) , it is crucial to identify the genes that control PC and oBC differentiation and to understand how these groups of cells are assembled during development, as well as to explain how the coordination of assembly and migration is carried out.
RESULTS AND DISCUSSION
To isolate new genes involved in BC organization and migration, we conducted a genetic mosaic screen in Drosophila egg chambers using a set of 311 independent P-element-mediated lethal mutations, targeting individual genes on the underscreened X chromosome (Bourbon et al, 2002; Ghiglione et al, 2002; see Methods) . One mutation, PG69, induced a complete lack of BC migration ( Fig 1C) . The determination of PG69 chromosomal position showed that it is inserted in the 5 0 untranslated region of RalA/CG2849, the unique Drosophila homologue of human RAL genes ( Fig 1D) . Another insertion, PG89, in the first intron of RalA (Fig 1D) was analysed and showed phenotypes similar to those of PG69 (data not shown). As PG69 and PG89 are Gal4-expressing enhancer-trap lines (Bourbon et al, 2002) , they were used to drive expression of diverse UAS lines in a RalA mutant background. Expression of UAS-RalA (a wild-type form of RalA) or UAS-RalA G20V (a constitutively activated form; Sawamoto et al, 1999) rescued lethality and migration (Fig 2E; 29 out of 30 rescued egg chambers showed normal migration). However, expression of UAS-RalA S25N (a dominant-negative form; Sawamoto et al, 1999) did not, indicating that PG69 and PG89 are mutations targeting the RalA gene. Furthermore, a crossreacting polyclonal antibody directed against the human RALB protein allowed detection of RalA in wild type, which was strongly reduced in mutant ovaries taken from a viable RalA h1 /RalA PG89 combination (Fig 1E) .
Overexpression of UAS-RalA S25N , but not UAS-RalA, in BCs induced by using USG-Gal4 (a combination of two Gal4 lines, Upd-Gal4 and slbo-Gal4) led to a high proportion of BC clusters that did not migrate at all or migrated only slightly (470%, n ¼ 298; Fig 1F,G) , thereby confirming our genetic clonal analysis. Consistently, RalA is expressed in follicle and border cells, as shown by in situ hybridization and specific enhancer-trap lines (Fig 2A-D  00 ). The RalA protein is localized to the plasma membrane in ovaries and we showed that a carboxy-terminal sequence containing a putative CAAX box (198-CTLL-STOP), important for prenylation of H-Ras and other small GTPases, is essential for RalA subcellular localization and function. Indeed, the deletion or hiding of this motif was sufficient to abolish both the rescue activity and plasma membrane localization of RalA (Fig 2E,H-J) .
RalA has been shown to be downstream from Drosophila Rap1 for bristle development . We thus tested whether Rap1 might also be crucial in egg chambers. Interestingly, expression of a dominant-negative form of Rap1 (Rap1 N17 ) blocked migration of BCs, similar to RalA S25N (compare Fig 1  and supplementary Fig 2 online) , suggesting that Rap1 and RalA are part of a common pathway for BC migration.
To determine which cells among the BC cluster might require RalA function, we analysed mosaic clusters containing zero, one or two mutant PCs with wild-type or mutant oBCs. We found that the BC cluster formed and migrated normally when all oBCs were mutant for RalA (Fig 3A-B 0 ), indicating that RalA function is not required in oBCs. Consistently, mosaic analysis showed an essential function of RalA in PCs, with a varied phenotype depending on the number of RalA mutant PCs present in the BC cluster. When only one of the two PCs was mutant, the BC formed but did not migrate (Figs 1C, . In this case, the number of oBCs was reduced with an average of 3.5 ± 0.7 oBCs (n ¼ 26) recruited instead of 6.1 ± 0.9 in wild type (n ¼ 24; see the table in Fig 3) . These data indicate that one PC cannot compensate for the loss of the other to recruit a full set of oBCs. As one PC has been shown to be sufficient for BC migration, these results indicate that RalA in polar cell differentiation C. Ghiglione et al the presence of a RalA mutant PC inhibits migration. In egg chambers in which both PCs were mutant for RalA, almost no oBCs were recruited, with an average of 0.6±0.6 oBC per cluster (n ¼ 18; Fig 3E-F 0 ). This result was confirmed using targeted expression of RalA RNA-mediated interference specifically in PCs using the Upd-Gal4 driver (data not shown). The lack or reduction of oBCs was confirmed using terminal follicle cell markers, including slbo-lacZ and E(Spl)-lacZ enhancer-trap expression ( Fig 4G-H 0 ; supplementary Fig 1 online) . Note that the expression of these oBC markers remained unaffected when only oBCs were mutant for RalA (data not shown), indicating a cell non-autonomous function of RalA in PCs to control recruitment of oBCs and migration of the cluster.
To analyse further the role of RalA in PC function, we stained egg chambers using a set of PC-specific markers. These markers are expressed both at the anterior and posterior poles, so clones made at either side of the egg chamber have been analysed indifferently.
When anterior or posterior PCs were mutant for RalA, the expression of Fas3, PZ80 and A101 were abolished, indicating that RalA is essential for proper PC differentiation (Fig 4A-F) . The effect of RalA mutations on Fas3 protein was stage specific: before stage 6-7, Fas3 staining was normal, whereas later on, staining was strongly reduced or absent, suggesting that RalA controls the maintenance of PC differentiation.
It has been shown that PCs originate from a larger group of pre-PCs in which cell number is reduced from 3-5 to 2 through apoptosis at early stages (Besse & Pret, 2003) . To assess whether de-differentiated PCs could initiate apoptosis, we stained egg chambers with antibodies raised against activated caspase 3 (Casp3). Interestingly, some of the RalA mutant PCs (20%, n ¼ 30), but not other follicle cells, induced strong activated Casp3 expression (Fig 4I-J 0 ), which is indicative of cells undergoing cell death. As not all the mutant PCs showed activated Casp3 expression, this suggests that either this expression is transient or mutant PCs might show distinct behaviours. It is interesting to note that RalA was recently shown to protect cells from apoptosis in the sensory lineage (Balakireva et al, 2006) , suggesting that this gene might have an anti-apoptotic role in differentiated cells during Drosophila development. Altogether, our results identify RalA as a new regulator to maintain PC fate and survival.
RalA shows a cell non-autonomous phenotype originating from the PC. PCs are essential anteriorly for recruiting a ring of around (Fig 1E) does not detect endogenous levels of RalA expression but recognizes overexpressed wild-type RalA (using CY2-Gal4), which localizes to the plasma membrane (G). GFP-RalA expressed using CY2-Gal4 also localizes to the plasma membrane (H). (I) GFP-RalA
DCTLL
, in which the last four C-terminal amino acids are deleted, is mislocalized and accumulated predominantly in the nucleus. (J) RalA-GFP fusion protein is also mislocalized in the nucleus. GFP, green fluorescent protein.
RalA in polar cell differentiation C. Ghiglione et al six oBCs that make a mature BC cluster, which depends on the secretion of the Unpaired (Upd) ligand from the PC and subsequent Jak/Stat activation in the oBC (Silver & Montell, 2001; Beccari et al, 2002; Ghiglione et al, 2002; McGregor et al, 2002) . Secretion of Upd and binding to Domeless (Dome), the Drosophila Jak/Stat receptor, induces ligand-dependent internalization of Dome in cells surrounding PCs, both in BCs and posterior follicle cells ( Fig 5A,A  0 ; Ghiglione et al, 2002; Devergne et al, 2007) . When PCs were mutant for RalA, Dome-containing endocytic vesicles were no longer observed, both anteriorly and posteriorly (Fig 5B,B 0 ), suggesting that Jak/Stat signalling was not activated. In wild-type egg chambers, Stat is localized in the nucleus as a gradient, with higher levels of nuclear Stat close to the PC (Fig 5C,C 0 ), thus reflecting Jak/Stat pathway activation. The nuclear localization of Stat was normal when PCs were wild type with adjacent follicle cells mutant for RalA (Fig 5D,D 0 ), indicating that RalA does not have a role in the function of oBCs and posterior follicle cells in controlling Jak/Stat signalling. By contrast, in egg chambers with mutant PCs, Stat nuclear localization was completely abolished (Fig 5E) . To discriminate between a role of RalA in Upd expression or activity, we stained egg chambers using a Upd antibody, which shows a gradient of this ligand in egg chambers (Fig 5F) . Using this assay, we showed that RalA mutations in PCs strongly affect the expression of the Upd protein (Fig 5G) .
Does the reduction of Upd lead to non-autonomous defects posteriorly? It was shown previously that the Jak/Stat pathway is essential for specifying posterior follicle cells, which then signal back to the oocyte for anterior-posterior polarization (Xi et al, 2003 ; Fig 4G-H  0 ) . When polarity is normal, the Staufen protein forms a posterior crescent in the oocyte (Fig 5H) . In egg chambers containing posterior RalA mutant PCs, the localization of Staufen was not normal and it was found centrally in strongly affected oocytes (Fig 5I) , similar to mutants that fail to reorganize the microtubules (van Eeden & St Johnston, 1999) .
Among follicle cells, PCs have been shown to be important in patterning the egg chamber and in establishing BCs (Xi et al, 2003) . In this study, we identified RalA as a new key regulator of PC fate. RalA is essential both cell autonomously for maintaining PC differentiation and cell non-autonomously for patterning terminal follicle cells through Jak/Stat signalling. However, RalA mutations do not reproduce the full range of Jak/Stat mutations (Silver & Montell, 2001; Beccari et al, 2002; Ghiglione et al, 2002; McGregor et al, 2002; Xi et al, 2003) , consistent with the fact that some Upd is still produced by RalA mutant PCs (Fig 5G) . For example, the follicle cell markers MA33 and dpp-lacZ, the expression of which in stretched cells is controlled by Jak/Stat signalling (Xi et al, 2003) , are expressed normally when PCs are mutant for RalA (data not shown). Altogether, our data indicate that the function of RalA is essential for maintaining the PC fate and for ensuring high levels of Upd expression, which are required for patterning the most terminal follicle cells, including BCs and posterior follicle cells. The RalA phenotype suggests the existence of a maintenance signal taking place around stage 6-7-that is, following egg chamber proliferation phase-which would be necessary to complete egg chamber patterning by providing sustained Jak/Stat activation.
Previous studies have shown that Ral proteins interact with Sec5 (Moskalenko et al, 2002; Sugihara et al, 2002) and Exo84 (Moskalenko et al, 2003; Formstecher et al, 2005) to regulate the exocyst function during proliferation and tumorigenesis (Camonis & White, 2005; Vitale et al, 2005; Rosse et al, 2006) . Our in vivo study suggests a role for RalA in cell differentiation and patterning, independent of secretion. Not only Upd but also several Contrary to what would be expected of a secretion phenotype, the Upd protein does not accumulate within PCs that are mutant for RalA (Fig 5G) . The analysis of sec5 mutations in the follicle cells showed that this gene is required for the positioning of the oocyte and for follicle cell morphology (Murthy & Schwarz, 2004) , two phenotypes that we never observed in RalA mutant egg chambers. Finally, expression in BCs of RNA-mediated interference against the sec5, sec6, sec8 or sec15 genes did not show any phenotype (data not shown).
Thus, instead of showing a ubiquitous activity, our data indicate a cell-type-specific function for RalA in PCs, independent of secretion. Controlling the differentiation of PCs, which have a central organizing role through Jak/Stat ligand production, might represent a way to monitor the number of invasive cells during both normal development and tumour cell invasion. Interestingly, in mouse M1 myeloid leukaemia cells, Stat3 can activate Ral by controlling the expression of its exchange factor (Senga et al, 2001) . These data suggest a conserved functional link between Ral proteins and Stat activity and provide a basis for the maintenance of Jak/Stat activity in PCs through a positive feedback loop involving RalA and Stat. RalA in polar cell differentiation C. Ghiglione et al
METHODS
Genetics. A description of genetic markers and chromosomes can be found at FlyBase (http://flybase.bio.indiana.edu). RalA has been identified through P-element mutagenesis using a tissue-targeted mosaic screen in ovaries (Ghiglione et al, 2002; this study) . RalA h1 is a viable, hypomorphic allele generated by imprecise excision of the RalA PG89 P-element as per standard protocols. Reverse transcription-PCR (RT-PCR) on both PG69 and PG89 lines showed residual expression, suggesting that these lethal alleles correspond to strong hypomorphic alleles. Green fluorescent protein negatively marked homozygous follicle cell clones for RalA were induced using the FLP/FRT (flipase/flipase recognition target) system. The following Drosophila stocks have been used: RalA PG69 FRT19A/FM7, RalA PG89 FRT19A/FM7 and RalA PL56 FRT19A/FM7. The other stocks used in this study are Upd-Gal4, slbo-Gal4, CY2-Gal4, slbo-lacZ, E(Spl)-lacZ, A101-lacZ; PZ80-lacZ, UAS-RalA wt, UAS-RalA S25N and UAS-RalA G20V . Antibodies, immunostaining and imaging. Immunostaining of egg chambers was performed as described previously (Ghiglione et al, 2002) . The following primary antibodies were used: rabbit Dome Confocal images were taken using a Leica TCS-SP1 or a Zeiss LSM 510 META confocal microscope using Â 25 and 0.80 NA and Â 40 and 1.3 NA oil immersion objectives. Other images were taken using a Nikon Coolpix 990 digital camera and processed using Photoshop 7.0 (Adobe). Immunoblot analysis. For preparation of ovarian extracts, ten ovaries were dissected in ice-cold PBS. The PBS was removed and replaced with Laemmli loading buffer. Ovaries were RalA in polar cell differentiation C. Ghiglione et al homogenized using a pestle and then centrifuged briefly to pellet debris. An equivalent of two ovaries per lane was loaded on a 12% SDS-polyacrylamide gel electrophoresis gel under reducing conditions and blotted onto nitrocellulose filter. The rabbit human RALB and the horseradish peroxidase-conjugated secondary antibodies (1:2,000, Vector, Berlingame, CA, USA) were used to detect RalA. The bands were visualized using enhanced chemiluminescence (Pierce, Rockford, IL, USA). Supplementary information is available at EMBO reports online (http://www.emboreports.org)
